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Abstract 

Background: The growth of Escherichia coli at elevated temperatures is limited due to the inherent instability of 
homoserine o-succinyltransferase, MetA, which is the first enzyme in the methionine biosynthesis pathway. MetA is 
also unstable under other stressful conditions, such as weak organic acids and oxidative stress. The MetA protein 
unfolds, even at 25°C, forms considerable aggregates at 37°C and completely aggregates at 44°C. 

Results: We extended the MetA mutation studies using a consensus concept based on statistics and sequence 
database analysis to predict the point mutations resulting in increased MetA stability. In this study, four single 
amino acid substitutions (Q96K, I124L, I229Y and F247Y) in MetA designed according to the consensus concept and 
using the l-mutant2.0 modeling tool conferred accelerated growth on the E. coli strain WE at 44°C. MetA mutants 
that enabled E. coli growth at higher temperatures did not display increased melting temperatures (T m ) or 
enhanced catalytic activity but did show improved in vivo stability at mild (37°C) and elevated (44°C) temperatures. 
Notably, we observed that the stabilized MetA mutants partially recovered the growth defects off. coli mutants in 
which ATP-dependent proteases or the DnaK chaperone was deleted. These results suggest that the impaired 
growth of these E. coli mutants primarily reflect the inherent instability of MetA and, thus, the methionine supply. 
As further evidence, the addition of methionine recovered most of the growth defects in mutants lacking either 
ATP-dependent proteases or the DnaK chaperone. 

Conclusions: A collection of stable single-residue mutated MetA enzymes were constructed and investigated as 
background for engineering the stabilized mutants. In summary, the mutations in a single gene, metA, reframe the 
window of growth temperature in both normal and mutant E. coli strains. 

Keywords: Escherichia coli, Thermostability, Homoserine o-succinyltransferase (MetA), Growth rate, ATP-dependent 
proteases, DnaK chaperone 



Background biosynthesis pathway, homoserine o-succinyltransferase 

Methionine is an essential amino acid in mammalian (MetA) [1,3-5], is extremely sensitive to many stress 

cells, although most bacteria, fungi and plants synthesize conditions (e.g., thermal, oxidative or acidic stress) [6-8]. 

this amino acid de novo from aspartate [1]. Methionine At temperatures higher than 25°C, MetA activity is 

participates in protein biosynthesis both as an initial reduced, and the protein tends to unfold, resulting in a 

amino acid and as one of the basic building blocks [2]. methionine limitation in E. coli growth [9]. MetA rever- 

In Escherichia coli, the first enzyme in the methionine sibly unfolds at temperatures approaching 42°C and is a 

substrate for the ATP-dependent proteases Lon, ClpP/X 

and HslVU [6]. At temperatures of 44°C and higher, 
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The chemical chaperone trimethylamine oxide reduces in- 
soluble MetA accumulation and improves E. coli growth 
at elevated temperatures [9]. It has been suggested that 
MetA could be classified as a Class III substrate for chap- 
erones because this molecule is extremely prone to aggre- 
gation [10]. 

Despite the importance of MetA in E. coli growth, lit- 
tle information exists on the amino acid residues 
involved in the inherent instability of MetA. The sensi- 
tivity of MetA to multiple stress conditions suggests 
that this enzyme might be a type of 'metabolic fuse' for 
the detection of unfavorable growth conditions [7]. 
Previously, we used random mutagenesis of metA to im- 
prove E. coli growth at elevated temperatures [11]. Mu- 
tations that resulted in the amino acid substitutions 
I229T and N267D enabled the E. coli strain WE to grow 
at higher temperatures and increased the ability of the 
strain to tolerate acidic conditions. In this study, we ex- 
tended our stabilization studies using a computer-based 
design and consensus approach [12] to identify add- 
itional mutations that might stabilize the inherently un- 
stable MetA enzyme. To achieve pronounced thermal 
stabilization, we combined several single substitutions 
in a multiple mutant, as the thermo-stabilization effects 
of individual mutations in many cases were independent 
and nearly additive [12]. Here, we describe the success- 
ful application of the consensus concept approach and 
the I-mutant2.0 modeling tool [13] to design stabilized 
MetA mutants. The consensus concept approach for en- 
gineering thermally stable proteins is based on an idea 
that by multiple sequence alignment of the homologous 
counterparts from mesophiles and thermophiles, the 
nonconsensus amino acid might be determined and 
substituted with the respective consensus amino acid, 
contributing to the protein stability [12]. I-Mutant2.0 
is a support vector machine-based web server for 
the automatic prediction of protein stability changes 
with single-site mutations (http://gpcr.biocomp.umbo. 
it/~emidio/I-Mutant2.0/I-Mutant2.0_Details.html). 

Four substitutions, Q96K, I124L, I229Y and F247Y, 
improved the growth of the E. coli WE strain at ele- 
vated temperatures. Unexpectedly, the MetA mutants 
I124Y and I229Y, which conferred higher growth rates 
at 44°C, displayed melting temperatures similar to that 
of the native enzyme but exhibited improved in vivo 
stability. The stabilized MetA mutant enzymes at least 
partially recovered the growth defects of mutant E. coli 
strains with deletions of either ATP-dependent prote- 
ases or the DnaK chaperone. These results suggest that 
the growth defects of AdnaK or protease-deficient mu- 
tants primarily reflect malfunctioning MetA at 37°C, a 
standard physiological temperature. Consistently, the 
addition of methionine recovered the temperature- 
dependent growth defects of these mutants. 



Results 

Mutant MetAs enable E. coli growth at elevated 
temperatures 

Previously, we identified two amino acid substitutions, 
I229T and N267D, which conferred stability to the MetA 
protein [11]. To obtain additional stable MetA mutants, 
we employed a multiple alignment approach and identi- 
fied eight amino acid residues present in all thermophilic 
MetAs but absent in E. coli MetA (Additional file 1: 
Figure SI). The metA mutations that resulted in the cor- 
responding amino acid substitutions Q96K, L110V, 
I124L, R160L, A195T, A200E, D218G and F247Y were 
integrated into the E. coli JW3973 (AmetA) chromosome 
to yield the strains K96, V110, L124, L160, T195, E200, 
G218 and Y247, respectively. Among the constructed 
strains, three mutants, K96, LI 24 and Y247, demonstrated 
accelerated growth at 44°C in M9 glucose medium 
(Figure 1; Additional file 2: Table SI) compared with the 
control strain WE, which harbored the wild-type metA 
gene from the E. coli K-12 strain W3110 [11]. 

Using the I-Mutant2.0 modeling tool [13] for protein 
stability prediction, the I229Y mutation was predicted to 
improve MetA stability and accelerate growth at 44°C 
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Figure 1 Stabilized MetA mutants stimulate growth of the E 
coli WE strain at 44°C. The strains were cultured in M9 glucose 
medium in a TVS126MB automatic growth-measuring incubator at 
44°C The optical densities of the growing cultures were measured 
at 600 nm every 10 min. The average of two independent 
experiments is presented. Serial dilutions of cultures growing 
logarithmically at 30°C in M9 glucose medium (OD 600 of 0.5) were 
spotted on M9 glucose and M9 glucose L-methionine (50 ug/ml) 
agar plates. The cells were incubated for 24 h at 44°C. 
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thermo-tolerant growth of the L124, Y229 and Y247 mu- 
tants, the serially diluted cultures were incubated on solid 
M9 glucose plates at 44°C (Figure 1). The viability of the 
mutant strains was increased by at least one to two or- 
ders of magnitude compared with the wild-type strain 
(Figure 1). Supplementation of the culture medium with 
L-methionine stimulated the growth of the wild-type 
and the mutant strains at 44°C to the same extent, thus 
abolishing the differences between the wild-type and 
mutant strains (Figure 1). The mutant strains L124 and 
Y229, which displayed the higher growth rates at 44°C 
(Additional file 2: Table SI), were selected for further 
analysis. 

To test the combinatorial effects of the mutations, we 
constructed mutant strains harboring I124L-I229Y and 
I124L-I229Y-N267D substitutions in the MetA enzyme 
(designated as LY and LYD, respectively). The N267D 
substitution conferring an increased thermal stability to 
the MetA enzyme has been previously described [11]. 
The double LY and triple LYD mutant strains were cul- 
tured at 45°C in M9 glucose medium and compared with 
single mutants L124 and Y229 and the wild-type strain 
WE (Additional file 3: Figure S2). The temperature 45°C 
was chosen because no significant differences between 
the strains harboring single and multiple mutated MetA 
enzymes were detected at 44°C (data not shown). The 
wild-type strain did not grow at 45°C (Additional file 3: 
Figure S2). The double LY and triple LYD mutants grew 
faster than the single mutant strains L124 and Y229, 
which had specific growth rates of 0.37 and 0.42 h" 1 ver- 
sus 0.18 and 0.3 h' 1 , respectively. The highest growth 
rate at 45°C was observed in the LYD strain (0.42 h" 1 ), in 
which the effects of the MetA enzyme were combined 
the maximal number of the stabilizing mutations. How- 
ever, the mutant LYD still grew slower than in the pres- 
ence of L-methionine (specific growth rate 0.53 K ; data 
not shown). This result might reflect the presence of an- 
other thermolabile protein in the methionine biosynthetic 
pathway. Previously, Mogk et al. [14] showed that MetE, 
which catalyzes the last step in methionine biosynthesis, 
was also thermally sensitive and tended to form aggregates 
at a 45°C heat shock. 

Mutant MetAs enabling £ coli growth at higher 
temperatures did not display an increased thermal 
transition midpoint 

To determine whether the accelerated growth observed 
at 44°C for the single mutant MetA strains is due to in- 
creased thermal stability of MetA, the protein melting 
temperature (T m ) was measured using differential scan- 
ning calorimetry (DSC). The wild- type and mutant MetA 
enzymes containing a C-terminal six-histidine tag were 
purified as described in the Methods section. The T m of 
the wild-type MetA was 47.07 ± 0.01°C (Table 1), and the 



Table 1 Differential scanning calorimetric data for the 



wild- type and mutant MetA enzymes 



Enzyme 


T m (°C) 


AH* 


ah*. 


AH/AH V 


MetA, wt 


47.01 ±0.26 


5.93 x10 4 


1.18x 10 s 


0.5 


I124L 


48.65 ± 0.06 


6.51 x10 4 


1.86x10 s 


0.35 


I229Y 


50.68 ± 0.06 


8.99 x10 4 


2.38 x10 5 


0.38 



*The errors associated with the data were <2% for AH and AH V . The 
calorimetric heat (AH) is the heat change per mole of enzyme. The van't Hoff 
heat (AH V ) is the heat change per cooperative unit. The ratio AH/AH V is a 
measure of the number of thermally transited cooperative units per mole of 
enzyme. All measurements were performed in triplicate. 



r m s of the stabilized MetA proteins were slightly higher 
than that of the wild-type enzyme (Table 1). 

Because the stabilized mutants displayed T m values 
similar to the native enzyme, we hypothesized that the 
catalytic activity was enhanced in the MetA mutants. No 
difference was observed in the /c cat and 7<"m values for 
succinyl-CoA between the stabilized MetA mutants and 
native MetA enzyme, whereas the Km for L-homoserine 
was reduced 1.5-fold in the I124L mutant compared 
with the wild-type MetA (Table 2). This finding is con- 
sistent with the slight increase in k cat /Km of 58% com- 
pared with the native enzyme. Thus, the stabilizing 
mutations had little to no effect on the catalytic activity 
of the MetA enzyme. 

MetA mutant enzymes exhibit reduced aggregation at an 
elevated temperature (45°C) in vitro and in vivo 

Native MetA was previously reported to become com- 
pletely aggregated in vitro at temperatures of 44°C and 
higher [9]. To examine the aggregation-prone behavior 
of native and stabilized MetAs, we generated in vitro 
aggregates of the purified proteins as described in the 
Methods section. The native MetA enzyme was com- 
pletely aggregated after heating at 45°C for 30 min 
(Figure 2). In contrast, the engineered I124L and I229Y 
mutant MetAs demonstrated a higher level of aggrega- 
tion resistance; only 73% of I124L and 66% of I229Y 
were insoluble (Figure 2). 

In addition, we examined the level of soluble MetA 
enzymes in vivo after heat shock at 45°C for 30 min 
(Additional file 4: Figure S3). The amount of the native 
MetA protein in the soluble fraction decreased to 52% 
following heat shock, whereas the relative amounts of 
soluble MetA I124L and 1229 Y mutants were 76% and 
68%, respectively. The amount of insoluble native 
MetA protein increased 28-fold after heating, while 
those of stabilized MetA I124L and I229Y mutants 
increased 20- and 17-fold, respectively (Additional file 
4: Figure S3). These results confirmed the higher re- 
sistance of the stabilized I124L and I229Y mutant en- 
zymes to aggregation. 
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Table 2 Kinetic parameters of the wild-type and stabilized MetA enzymes 



Enzyme 






Succinyl-CoA 




L-homoserine 






K m (mM) 




K m (mM) 


UKh (M _1 s" 1 ) 


MetA, wt 


36.72 ±0.9 


0.37 ± 0.05 


9.9*1 0 4 


1 .25 ± 0.3 


2.93*1 0 4 


124L 


38.59 ± 0.5 


0.38 ± 0.06 


1 .02*1 0 5 


0.83 ±0.1 5 


4.65*1 0 4 


I229Y 


39.28 ± 0.5 


0.36 ± 0.06 


1 .09*1 0 s 


1.42 ±0.1 


2.76*1 0 4 



MetA mutant enzymes are more stable in vivo at normal 
(37°C) and elevated (44°C) temperatures 

To determine the effects of these mutations on MetA 
stability in vivo, we analyzed the degradation of the mu- 
tant and native MetA enzymes after blocking protein 
synthesis using chloramphenicol. The residual MetA in 
the cells was quantified through Western blotting as 
described in the Methods section. As shown in Figure 3, 
the I124L and I229L MetA mutants were approximately 
2-3-fold more stable than native MetA, with half-lives 
(ti /2 ) of 87 min (I124L) and 107 min (I229L) at 37°C and 
52 min (I124L) and 57 min (I229L) at 44°C, respectively; 
the half-life of the native MetA was 36 min at 37°C and 
25 min at 44°C. 

Stabilized MetAs partially compensate the growth defects 
of the AdnaK mutants 

MetA has been suggested to be classified as a Class III 
substrate for chaperones because this enzyme is ex- 
tremely prone to aggregation [10]. Under physiological 
heat stress conditions, the DnaK system is the most 
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Figure 2 Heat-induced aggregation of native and mutant 
MetAs in vitro. Aggregated proteins were prepared through 
incubation at 45°C for 30 min as described in the Methods section; 
the soluble (black columns) and insoluble (gray columns) protein 
fractions were separated by centrifugation at 14,000 g for 30 min 
and analyzed through Western blotting with rabbit anti-MetA 
antibodies. The densitometric analysis of band intensity was 
conducted using WCIF Image J software. The total amount of MetAs 
before an incubation was equal to 1. The error bars represent the 
standard deviations of duplicate independent cultures. 



effective chaperone for preventing the aggregation of 
thermolabile proteins [14]. Thus, the AdnaK52 mutant 
strain displays a slower growth rate at 37°C and no 
growth at 42"C [15]. Because MetA is one of the most 
thermolabile proteins, we determined the growth 
profiles of dnaK null mutants expressing stabilized 
MetAs. We constructed the WEAdnaK, LUMdnaK and 
Y229AdnaK mutant strains and cultured these cells in 
M9 glucose medium at 37°C. As shown in Figure 4, the 
mutant strain Y229AdnaK grew 26% faster than the con- 
trol strain WEAdnaK, with a growth rate of 0.48 h" 1 for 
Y229AdnaK and 0.38 h" 1 for WEAdnaK (see Additional 
file 5: Table S2 for the specific growth rates). The mutant 
strain L124AdnaK grew at the same rate as Y229AdnaK. 
We observed an increased accumulation of insoluble 
wild-type MetA in heat-stressed AdnaK cells compared 
with the mutated I124L and I229Y enzymes, which had 
relative amounts of 57% and 33% of the wild-type en- 
zyme, respectively (Additional file 6: Figure S4). This 
finding might partially explain the slower growth of the 
WEAdnaK strain due to an increased aggregation of the 
wild-type MetA compared with the I124L and I229Y 
mutants. 

Despite an accelerated growth, the Y229AdnaK mutant 
strain did not achieve the same growth rate as the dnaK + 
parental strain (Figure 4), potentially reflecting increased 
misfolding and the aggregation of other proteins in the ab- 
sence the DnaK chaperone. We also examined the viability 
of serially diluted WEAdnaK and Y229AdnaK cultures at 
37°C and confirmed the accelerated growth of the stabi- 
lized MetA mutant Y229AdnaK (Figure 4). At 42°C, the 
non-permissive growth temperature for the AdnaK mu- 
tants, no growth occurred, even in the presence of the sta- 
bilized MetA mutants (data not shown). 

Partial recovery of the impaired growth of protease-null 
mutants by the stabilized MetAs 

Previous findings have revealed that the temperature- 
dependent unfolding of MetA resulted in the proteolysis 
of this enzyme [6]. Aggregated MetA is degraded by a 
combination of the ATP-dependent cytosolic proteases 
Lon, ClpPX/PA and HslVU, particularly at higher tem- 
peratures [6]. Because MetA is an inherently unstable 
protein, we reasoned that aggregated MetAs should be 
degraded by intracellular proteases and that protease- 
minus mutant, unable to degrade aggregated MetAs, 
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Figure 3 In vivo stability of MetA mutants. Cells of the strains WE, L124 and Y229 exponentially growing (OD 600 = 0.3) at 37°C in M9 medium 
were treated with 200 ug/ml of chloramphenicol. The cultures were divided; one half of each culture was maintained at 37°C (solid symbols), and 
the other half of the culture was shifted to 44°C (open symbols). The samples were collected at the indicated time points and analyzed through 
Western blotting as described in the Methods section. Densitometry results were normalized after setting the MetA amount before 
chloramphenicol addition equal to 100%. 



would display hampered growth. The stabilized MetAs 
displaying higher in vivo stability would improve the 
growth of E. coli protease-negative mutants. The triple 
protease-deficient mutants WE(P'), L124(P~) and Y229 
(P ) were constructed and cultured at 42°C in M9 
glucose-defined medium. Kanemori et al. [16] demon- 
strated the temperature-sensitive growth of the triple 
protease-deficient E. coli mutant KY2266 at 42°C. As 
shown in Figure 4, the mutant Y229(P") exhibited an 
increased specific growth rate (u) of 0.25 h' 1 compared 
with a growth rate of 0.096 h' 1 for the control strain 
WE(P'). The growth rate of L124(P") was similar to that 
of Y229(P ) (Additional file 5: Table S3). These results 
indicate that the growth defect of the protease-deficient 
mutant might be a consequence of increased accumula- 
tion of the aggregated MetA proteins. Previously, Biran 
et al. [6] showed that the native MetA was stabilized in 
the cells of triple deletion mutant Ion, clpP, hslVU. 
However, these authors did not identify which protein 
fraction, soluble or insoluble, contained the MetA. Ap- 
parently, an excess of the MetA synthesized at elevated 
temperatures in a proteolysis-minus background leads 
to the accumulation of insoluble aggregates that are 
toxic to the cells and inhibit bacterial growth. Therefore, 
we examined the in vivo aggregation of the wild-type 
and mutated MetA enzymes in heat-stressed protease- 
deficient cells. The relative amounts of MetA insoluble 
aggregates in the stabilized I124L and I229Y mutants 
were reduced to 59% and 44%, respectively, compared 
with wild-type MetA (Additional file 6: Figure S4). We 



assume that the stabilized MetAs remaining soluble and 
functionally active relieved the growth inhibition of the 
protease-negative E. coli mutant. 

We also examine whether the stabilized MetAs affect 
the viability of protease-deficient strains at an elevated 
temperature (42°C). The mutant Y229(P~) was at least 10- 
fold more viable than the control strain WE(P~) (Figure 4). 
The same result was observed for the mutant L124(P ) 
(data not shown). However, despite accelerated growth 
and increased viability, the protease-deficient mutants 
harboring the stabilized MetAs grew slower than the 
protease-positive strains WE and Y229 (Figure 4). Our 
findings indicate that the growth defect in the protease- 
null mutant strain is partially due to MetA instability. 

Methionine recovers the growth defect of the E. coli 
mutants lacking either ATP-dependent proteases or the 
DnaK chaperone 

Because the stabilized MetA mutants conferred an in- 
creased growth rate to AdnaK and protease-deficient E. 
coli mutants at higher temperatures, we expected that 
methionine supplementation might recover the growth 
defects of both mutants. Thus, we examined the direct 
effect of L-methionine supplementation on WEAdnaK 
and WE(P') growth at 37°C and 42°C, respectively. In 
the methionine-supplemented medium, the mutants 
WEzW«a/<"and WE(P') grew two- and six-fold faster, re- 
spectively, than without L-methionine supplementation 
(Figure 5). For WEAdnaK, the growth rate was 0.73 h" 1 
with methionine and 0.38 If 1 without methionine. For 
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Figure 4 Effect of stable MetA mutants on the growth of dnaK null and protease-deficient mutants of the E. coli strains WE and Y229. The 

strains were cultured in 25 ml of M9 glucose medium in 1 25 ml Erlenmeyer flasks at 37°C (AdnaK mutants) or 42°C (protease-minus mutants). To 
measure the growth, the optical density was monitored at 600 nm every 1 h. The average of two independent experiments is presented. Serial 
dilutions of logarithmically growing at 30°C [AdnaK mutants) or 37°C (protease-minus mutants) in M9 glucose medium cultures (OD 600 of 0.5) were 
spotted onto M9 glucose agar plates. The cells were incubated for 24 h at 37°C {MnaK mutants) or 42°C (protease-minus mutants). 



WE(P'), the growth rate was 0.58 h' 1 with methionine 
and 0.095 h' 1 without methionine (Figure 5; Additional 
file 5: Tables S2 and S3). The spot test confirmed the 
results obtained with flask-cultivation (Figure 5). L- 
methionine also stimulates the growth of the control 
strain WE at 37°C and 42°C (Figure 5; Additional file 5: 
Tables S2 and S3). However, the WE strain demon- 
strated only a 28% and 44% increase of the specific 
growth rates at 37°C and 42°C, respectively, in the pres- 
ence of methionine (0.77 and 0.6 h" 1 at 37°C; 0.78 and 
0.54 h' 1 at 42°C with and without methionine supple- 
mentation, respectively; Additional file 5: Tables S2 and 
S3). These results clearly indicate that an impaired me- 
thionine supply underlies the dnaK- and protease-null 
mutant growth defects. 

To determine the effect of methionine on the growth 
of the mutated MetA strains, we cultivated the isogenic 
strains WE and WEAdnaK and Y229 and Y229AdnaK in 
the presence of methionine at 37°C (Additional file 7: 
Figure S5). In the methionine- supplemented medium, 
the AdnaK mutants grew at equal rates, and only slightly 
slower growth than the dnaK + strains was observed 



(Additional file 5: Table S2; Additional file 7: Figure S5). 
These findings suggest that a malfunction of the methio- 
nine biosynthetic enzymes, including MetA, is primarily 
responsible for the impaired growth of the AdnaK mu- 
tant strains at 37°C. At temperatures higher than 37°C, 
defects in other factors, such as chromosomal parti- 
tioning, extensive filamentation and increased levels of 
heat-shock protein (HSP) biosynthesis, might signifi- 
cantly hamper the growth of the AdnaK mutants, as pre- 
viously shown for the AdnaK52 mutant strain [15]. 

L-methionine also eliminated the difference in the 
growth rates between the protease- deficient control 
WE(F) and mutant Y229(F) strains (0.58 and 0.59 h \ 
respectively) at 42°C (Additional file 5: Table S3; Additional 
file 7: Figure S5). However, the protease-negative mutants 
grew 25% slower than the parent strains in the presence 
of L-methionine (Additional file 5: Table S3; Additional 
file 7: Figure S5), potentially reflecting the accumulation 
of other protein aggregates [17]. 

A partial complementation of the impaired growth of 
the AdnaK and protease-negative strains through stabi- 
lized MetAs indicates that the inherent instability of 
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Figure 5 L-methionine stimulates growth of t\dnaK or protease-deficient mutants of the E. coli strain WE at non-permissive 
temperatures. The strains were cultured in 25 ml of M9 glucose medium with or without L-methionine supplementation (50 ug/ml) in 125 ml 
Erlenmeyer flasks at 37°C (AdnaK mutants) or 42°C (protease-minus mutants). The average of two independent experiments is presented. Serial 
dilutions of logarithmically growing at 30°C [AdnaK mutants) or 37°C (protease-minus mutants) in M9 glucose medium cultures (OD 600 of 0.5) 
were spotted onto M9 glucose or M9 glucose L-methionine (50 ug/ml) agar plates. The cells were incubated for 24 h at 37°C (AdnaK mutants) or 
42°C (protease-minus mutants). 




MetA plays a significant role in the growth defects ob- 
served in these mutant strains. 

Discussion 

The growth of E. coli strains at elevated temperatures in 
a defined medium is impaired by the extreme instability 
of the first enzyme in the methionine biosynthetic 
pathway, homoserine o-succinyltransferase (MetA) [18]. 
Although the key role of the MetA protein in E. coli 
growth under thermal stress has been known for 40 years 
[8], it is unclear which residues are involved in the in- 
herent instability of MetA. Previously, we identified two 
amino acid substitutions, I229T and N267D, responsible 
for MetA tolerance to both thermal and acid stress [11]. 
In this study, we employed several approaches to design 
more stable MetA proteins. Using the consensus concept 
approach [12], stabilization was achieved through three 
single amino acid substitutions, Q96K, I124L and F247Y. 



We hypothesized that a combination of these amino acid 
substitutions might significantly increase MetA stability 
compared with the single mutants we identified in the 
randomly mutated thermotolerant MetA-333 [11]. The 
new MetA mutant enzymes were more resistant to heat- 
induced aggregation in vitro (Figure 2). The enhanced 
in vivo stabilities of the MetA mutants were also demon- 
strated through the immunodetection of residual MetA 
protein after blocking protein synthesis (Figure 3). How- 
ever, the melting temperature, a good indicator of thermal 
stability [19], was only slightly increased. Instead of 
thermo-stabilization, the mutant MetAs might experience 
kinetic stabilization, in which a specific conformation 
change, which increases the unfolding barrier, ultimately 
results in slow unfolding rates [20]. This assumption is 
supported by a decreased level of the mutated MetAs ob- 
served in insoluble protein fraction under a temperature 
shift from 30° to 45°C compared with the native MetA 
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protein (Additional file 4: Figure S3). If a native protein is 
thermodynamically unstable and/or functions under stress 
conditions, then kinetic stabilization could enhance the 
functional properties of the protein [21]. Furthermore, 
improved kinetic stability is tightly associated with prote- 
ase resistance [22] . Notably, the MetA mutants were more 
resistant to proteases; in vitro reconstitution experiments 
confirmed the resistance of the MetA mutants to the 
ATP-dependent cytosolic proteases, including Lon, ClpPX/ 
PA and HslVU (Figure 6). Previously, the aggregated 
MetA protein was identified as a substrate for intracellular 



proteases Lon, ClpPX/PA and HslVU [6]. Biran et al. [6] 
assumed the combinatorial action of these proteases on 
MetA degradation because the protein stabilization was 
detected in the triple deletion mutant lon, clpP, hslVU but 
not in any single (lon, clpP, hflB and hslVU) or double 
(lon-clpP) deletion mutants. 

Previous studies have shown that the dnaK gene is not 
essential for growth and protein folding at 30°C but is re- 
quired at temperatures above 37°C or below 15°C [23]. 
Here, we showed that the defective growth of a AdnaK 
mutant at 37°C can be partially restored using a stabilized 
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Figure 6 In vitro degradation of the native MetA protein and stabilized I229Y mutant by the ATP-dependent proteases Lon, CIpP/X 
and HslVU. Degradation reactions were performed at 37°C with or without ATP as described in the Methods section. Untreated proteins indicate 
the positions of native MetA (the central lane of the upper gel) and mutant I229Y (the left lane of the lower gel). Densitometry results were 
normalized after setting the MetA amount before ATP addition equal to 100%. The results are plotted as the mean and standard deviation of two 
independent experiments. 
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MetA (Figure 4). This result suggests that the growth 
defect of the DnaK-deficient strain is primarily due to 
non-functional MetA because MetA, an inherendy un- 
stable protein even at the physiological temperature of 
37°C, requires folding assistance from the DnaK chaperone 
system. The stabilized MetA mutants also partially restore 
the growth defects of protease-deficient strains at 42°C 
(Figure 4). We also examined whether the temperature- 
sensitive mutations (AmukB, AbamE and Alpp) affecting 
other cellular processes are suppressed through methio- 
nine supplementation at higher temperatures. None of the 
mutants showed improved growth, indicating that proper 
methionine supply is a major issue in the growth defects of 
both a AdnaK and the triple protease mutants. 

Taken together, these results suggest that the temperature- 
dependent growth defects of the AdnaK mutants and 
protease-deficient strains primarily reflect the malfunc- 
tion of MetA and consequently, the methionine supply. 
Furthermore, the addition of methionine completely 
corrects the growth defect of the dnaK null mutant at 
37°C and recovers most of the impaired growth of the 
protease-deficient strain at 42°C. 

To evaluate the conformational changes caused by 
single-site mutations in the MetA protein, we performed 
molecular dynamics simulations of a homology model 
based on the closest MetA homolog, homoserine O- 
succinyltransferase from Thermotoga maritima (PDB code 
2H2W). Our model has shown that the stabilizing MetA 
mutations were randomly distributed in different se- 
condary structure elements (Additional file 8: Table S5). 
Stabilization has been shown for these mutants according 
to the altered free energy of protein folding (AAG < 
-1 kcal/mol) (Additional file 8: Table S5). We observed 
that the highest AAG value was correlated with the 
maximal melting temperature (T m ) for the Y229 mutant 
(Table 1; Additional file 8: Table S5). We also calculated 
the cavity volume change as a parameter associated with 
the conformational stability and folding reaction [24] . The 
cavity volumes of all mutants were diminished compared 
with the native enzyme, with maximal decrease for the 
I229Y substitution (Additional file 8: Table S5). Cavities in 
proteins are a major contributor to low packing densities 
and reduced stability [25] . Cavities and surface grooves are 
also potential sites for the binding of drugs, ligands and 
other proteins [26]. Therefore, decreased cavity volumes 
should lead to higher conformational stability and resist- 
ance to aggregation for originally unstable proteins, such 
as MetA. Thus, MetA might be an inherently unstable 
protein [27] because it unfolds at room temperature and 
dramatically loses activity at 30"C or higher [9]. Due to its 
increased sensitivity to many stress conditions, including 
temperature, weak organic acids and oxidative stress [7], 
MetA protein has been suggested to function as a 'meta- 
bolic fuse' to detect unfavorable growth conditions [7]. 



Conclusions 

In this study, we further elucidated the mutations in MetA 
that facilitate faster E. coli growth at elevated temperatures 
(44°C) compared with the wild-type enzyme. Stabilized 
MetA proteins partially suppressed the temperature- 
sensitive phenotype of both dnaK and triple protease 
deficient mutants. Because improving the growth of E. coli 
at higher temperatures has an immediate application in 
realizing the bacterial cell factory, this improvement might 
also facilitate the identification of target genes and pro- 
teins, enabling thermotolerance or improved growth at 
higher operating temperatures [28-30] . 

Methods 

Strains and culture conditions 

The strains and plasmids used in this study are listed in 
Table 3. 

The E. coli strains were grown in minimal M9 medium 
[31] supplemented with glucose (0.2%) or in rich LB 
medium (Difco Laboratories, Detroit, USA). Antibiotics 
were used at the following concentrations: ampicillin, 100 
ug/ml; chloramphenicol, 20 ug/ml; kanamycin, 25 ug/ml; 
and tetracycline, 10 ug/ml. L-methionine was added to the 
medium at a final concentration of 50 ug/ml. The growth 
of E. coli strains in M9 glucose medium at different tem- 
peratures was assessed using a TVS 126MB automatic 
growth-measuring incubator (Advantec MFS Inc., Tokyo, 
Japan). The optical density of the growing cultures was 
measured at 600 nm every 10 min. 

Site-directed mutagenesis of metA 

Site-directed mutagenesis was performed using a KOD- 
Plus-Mutagenesis Kit (Toyobo, Osaka, Japan) according to 
the manufacturer's protocol. The plasmid pMetA [11] 
served as a template, and the primers are shown in Table 
S6 (Additional file 9). The mutant I229Y was constructed 
through overlap extension PCR using a QuickChange II-E 
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, USA) 
with the primer pair MetY-forward (GCCAGTAAAGA 
TAAGCGCTACGCCTTTGTGACGGG) and MetY-reverse, 
which is the complement of the forward primer. Changes in 
the sequence are shown in italic letters. 

Incorporation of the metA mutations into the E. coli 
chromosome 

The mutated metA genes were transferred to the E. coli 
JW3973 (AmetA) chromosome as previously described 
[11] using the \ Red recombination system [32]. 

Construction of the AdnaK::cat and [(LclpX-lon)r.cat, 
MislVUl172::tet] mutants 

The structural gene dnaK in the WE strain was replaced 
with the chloramphenicol resistance gene using the \ 
Red recombination system [32]. A disruption cassette 
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Table 3 Bacterial strains and plasmids used in this study 



Strain or plasmid 


Relevant description* 


Source or reference 


Escherichia coli 


W3110 


F-, X, IN(rmD-rrnE)1, rph-1 


KCTC 


JW3973 


F-, A(araD-araB)567, AlacZ4787(::rrnB-3), 


Keio collection 




X, rph-1, AmeM780:.tan, 


National Institute 




A(rhaD-rhaB)568, hsdR514, 


of Genetics, Japan 


WE 


JW3973 carrying the wild-type metA gene 


[11] 


K96 


JW3973 carrying the metA gene 


This study 


with the Q96K substitution 


L124 


JW3973 carrying the metA gene 


This study 


with the I124L substitution 


Y229 


JW3973 carrying the metA gene 


This study 


with the I229Y substitution 


Y247 


JW3973 carrying the metA gene 


This study 


with the F247Y substitution 


LY 


JW3973 carrying the metA gene 


This study 


with the I124L and I229Y substitutions 


LYD 


JW3973 carrying the metA gene 


This study 


with the I124L, I229Y and N267D substitutions 


WEPT 


WE (AclpX-lon)::cat, AhsiVU1 1 72::tet 


This study 


L124(P") 


L124 (hclpX-lon)-xat, AhslVUl 172::tet 


This study 


Y229(P") 


Y229 (AclpX-lon)::cat, AhslVUl 1 72::tet 


This study 


WEAdnaK 


WE AdnaK::cat 


This study 


IMAhdnaK 


H24AdnaK::cat 


This study 


\229AdnaK 


Y229AdnaK::cat 


This study 


BL21 (DE3) 


F- ompT hsdS B (r- B m-g) gal dcm(DE3) 


Novagen (Billerica, USA) 


ME7970 


AhslVUl 172::tet 


National Institute 


(KY2966) 




of Genetics, Japan 


Plasmids 


pKD46 


X Red (gam bet exo) ara C rep101(Ts), Ap r 


[32] 


pMetA 


pACYG 77 carrying the wild-type metA 


[11] 


under the natural P me « promoter, Ap r 


pDnaK 


pACYC177 carrying the dnaK gene 


This study 


under the natural Pd„ aK promoter, Ap r 


pPP1 


pACYG 77 carrying the clpX-lon genes 


This study 


under the natural P dpX promoter, Ap r 


pET22b/MetA 


Contains the wild-type metA gene, Ap r 


[11] 


pET22b/MetAL124 


Contains the metA gene with I124L substitution, Ap r 


This study 


pET22b/MetAY229 


Contains the metA gene with I229Y substitution, Ap r 


This study 



*Ap' ampicillin resistance, cat chloramphenicol resistance gene, kan kanamycin resistance gene, tef tetracycline resistance gene. 



was synthesized through PCR using the forward primer 
dnaKl (CAGACTCACAACCACATGATGACCGAATA 
TATAGTGGAGACGTTTAGGTTGGCAGCATCACC- 
CGAC), the reverse primer dnaK2 (CTTCTTCAAATT 
CAGCGTCGACAACATCGTCATCTTTCGCGTTGTT 
TGCGTAGCACCAGGCGTTTAAGG), Vent polymer- 
ase and the plasmid pACYC184 as a template (homolo- 
gous sequences are shown in italic letters). Replacement 



of the dnaK gene was confirmed through PCR analysis 
of the chromosomal DNA of the WEAdnaK strain. A 
temperature-sensitive phenotype of strain WEAdnaK at 
37 and 40°C (data not shown) was rescued with the plas- 
mid pDnak carrying the dnaK gene under the endogenous 
PdnaK promoter amplified from the genomic DNA of WE 
strain using the primers dnaK3 (CGCCTCCTCGAG 
CATATCGCGAAATTTCTGCGC) and dnaK4 (CCCGT 
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GTCAGTATAATTACCC) and cloned into the Xhol/ 
Smal restriction sites of the plasmid vector pACYC177. 
The AdnaK::cat mutants of strains L124 and Y229 were 
obtained through transduction with Plvir using the 
WEAdnaK donor strain. 

The double mutant AclpX-lonrxat was constructed 
after replacing the structural genes in the WE strain with 
the chloramphenicol resistance gene as previously de- 
scribed [32]. The primers ClpXl-forward (GCATTTGC 
GTCGTCGTGTGCGGCACAAAGAACAAAGAAGAG- 
GTTTTGACCCGTTGGCAGCATCACCCGAC) and 
Lonl-reverse (CCTCAATGCGCTTCACAGGATGA 
ATGTCCAGATCGGCAATTACGTTGTCAGGGTA- 
GCACCAGGCGTTTAAGG), Vent polymerase and 
the plasmid pACYC184 were used to synthesize the chlor- 
amphenicol resistance gene flanked by the 51 nucleotides 
upstream of the clpX gene and the 52 nucleotides corre- 
sponding with the region 2241-2293 of the Ion gene 
(homologous sequences are underlined). The gene hslVU 
in the double mutant AclpX-lon was replaced through 
transduction using Vlvir grown on the AhslVU1172::tet 
donor (ME7970), an in-kind gift from the Institute of 
Genetics, Japan. The resulting strain WE(P~) demonstrated 
temperature sensitive growth at 42°C similar to the pre- 
viously described triple protease-deficient E. coli mutant 
KY2266 [16]. The normal growth of the WE(P~) mutant at 
42°C was restored through transformation with the 
plasmid pPPl harboring the clpX-lon genes under the 
endogenous P c i P x promoter amplified from the genomic 
DNA of WE strain using the primers ClpX4 (CGCCT 
CCTCGAGCATGCCCGTGAAATTCTG) and Lon4 (G 
CCATCTAACTTAGCGAGAC) and cloned into the 
Xhol/Smal restriction sites of the plasmid vector 
pACYC177. Replacement of the clpX, Ion, hslVU genes 
was confirmed through PCR analysis of the chromo- 
somal DNA of WE(P-) strain. The triple mutants 
[{AclpX-lon)::cat, AhslVU1172::tet] of strains L124 and 
Y229 were obtained through transduction with Plw'r 
using the WE(P~) donor strain. 

In vivo MetA stability analysis 

The strains WE, L124 and Y229 were grown in M9 glu- 
cose medium at 37°C to the exponential phase (OD 60 o 
equals 0.3), treated with 200 ug/ml chloramphenicol and 
divided into two flasks, one of which was shifted to 44°C, 
while the other flask was maintained at 37°C. The samples 
were collected before and after chloramphenicol addition 
every 30 min for 2 h and prepared for Western blotting 
analysis as previously described [6]. Rabbit anti-MetA 
antibody (Peptron Inc., Daejeon, Korea) was used as 
the primary antibody, and horseradish peroxidase- 
conjugated anti-rabbit IgG antibodies (Pierce, Rockford, 
USA) were used as the secondary antibody. The immu- 
noblots were developed using a SuperSignal West Pico 



Chemiluminescent Substrate kit (Pierce, Rockford, USA), 
scanned with a Fujifilm Image Reader LAS-3000 and ana- 
lyzed with WCIF ImageJ software. 

Purification of MetA, measurement of enzyme activities 
and differential scanning calorimetry 

The MetA proteins were purified as described previously 
[11] in the presence of an EDTA-free Halt protease inhibi- 
tor cocktail (Pierce, Rockford, USA). To measure the 
enzyme activities, the decrease in absorbance at 232 nm 
through the hydrolysis of the thioester bond of succinyl- 
CoA [3] was monitored using an ND1000 UV/Vis spec- 
trophotometer (Nanodrop Technologies Inc., Wilmington, 
USA). The enzyme assays were performed in 100 mM K- 
phosphate buffer (pH 7.5) at 25°C for 30 min in a final vol- 
ume of 20 ul. The concentrations of the substrates varied 
from 0.312 mM to 5 mM for L-homoserine and from 0.05 
to 0.8 mM for succinyl-CoA. The reactions were initiated 
after the addition of 0.3 ug of native or mutant MetA. 

The thermal stabilities of the MetA proteins were 
measured calorimetrically over a temperature interval of 
15-90°C at a scan rate of 90°C/h with a VP-DSC calor- 
imeter (MicroCal, LLC, Northampton, USA) using 50 
uM of protein in a 50 mM K-phosphate buffer (pH 7.5). 
Three scans were obtained using independent protein 
preparations. 

In vitro MetA aggregation assay 

The MetA aggregates were generated after incubating 
2 uM of purified protein at 45°C for 30 min, followed by 
a 40-fold dilution into refolding buffer (50 mM Tris- 
HC1, pH 7.5, 150 mM KC1, 20 mM MgCl 2 and 2 mM 
DTT) [33]. The soluble and insoluble protein fractions 
were separated through centrifugation at 14,000 g for 
30 min. The soluble protein was precipitated with TCA, 
and the protein pellet was washed twice with ice-cold 
acetone, dried by speed-vac, dissolved in 20 ul of dis- 
tilled water and mixed with 20 ul of 2x sample buffer. 
The samples (10 ul) were loaded onto a 4-15% Criter- 
ion™ TGX™ Precast Gel (Bio-Rad, Hercules, USA) and 
subjected to Western blotting analysis with rabbit anti- 
MetA antibodies. Densitometry measurements were 
performed using WCIF ImageJ software. 

Purification of soluble and insoluble protein fractions in 
the heat-stressed cultures The strains WE, L124 and Y229 
were grown in M9 glucose medium to exponential phase 
(approximately OD 60 o = 0.6) at 30°C. Twenty-five millili- 
ters of each culture were shifted to 45°C for 30 min. The 
remaining 25 ml were used as a control. Aggregated and 
soluble protein fractions were purified as previously de- 
scribed [34] [9] in the presence of EDTA-free Halt pro- 
tease inhibitor cocktail (Pierce, Rockford, USA). Three 
micrograms of total protein from the insoluble and sol- 
uble fractions were subjected to 12% SDS-PAGE, followed 



Mordukhova ef al. BMC Microbiology 201 3, 13:179 
http://www.biomedcentral.com/1471 -21 80/1 3/1 79 



Page 12 of 13 



Additional file 6: Figure S4. In vivo aggregation of the wild-type and 
mutated MetAs in heat-stressed cells of the AdnaK or protease-deficient 
mutant strains. Aggregates of the wild-type MetA (black columns), 
mutated I124L (gray columns) and I229Y (dark-gray columns) proteins 
were purified from the AdnaK or protease-minus mutants grown in M9 
glucose medium at 32°C or 37°C, respectively, to the exponential phase 
(approximately OD 600 = 0.6) and transferred to 42°C for 1 h as described 
in the Methods section. Three micrograms of total protein from the 
insoluble fractions was subjected to 1 2% SDS-PAGE, followed by Western 
blotting using rabbit anti-MetA antibody. The MetAs were quantified 
through densitometry using WCIF ImageJ software and normalized to 
the wild-type MetA amount from the WE strain, which was equal to 1. 
The error bars represent the standard deviations of duplicate 
independent cultures. 

Additional file 7: Figure S5. L-methionine eliminates the growth rate 
difference between the wild-type and stabilized MetAs in AdnaK or 
protease-deficient mutants at non-permissive temperatures. The strains 
were cultured in 25 ml of M9 glucose L-methionine (50 ug/ml) medium 
in 125 ml Erlenmeyer flasks at 37°C (AdnaK mutants) or 42°C (protease- 
minus mutants). The average of two independent experiments is 
presented. Serial dilutions of cultures growing logarithmically at 30°C 
(AdnaK mutants) or 37°C (protease-minus mutants) in M9 glucose 
medium (OD 60 o of 0.5) were spotted onto M9 glucose L-methionine 
(50 ug/ml) agar plates. The cells were incubated for 24 h at 37°C (AdnaK 
mutants) or 42°C (protease-minus mutants). 

Additional file 8: Table S5. Free energy and 3D structural analysis of 
stabilizing single-site mutations of the MetA enzyme. Methods of homology 
model building and structural analysis of single-site mutated MetA. 

Additional file 9: Table S6. Primer sequences used for the construction 
of single-site MetA mutants. Table S7 Primer sequences employed for 
the construction of protease expression plasmids. 



by Western blotting using rabbit anti-MetA antibody. The 
MetA in the samples was quantified through densitometry 
using WCIF ImageJ software. 

In vitro proteolysis assay 

Genes encoding the proteases Lon, ClpP, ClpX, HslU and 
HslV were cloned into the pET22b expression vector 
using the primers listed in Table S7 (Additional file 9). 
Protein was purified using a Ni-NTA Fast Start Kit 
(Qiagen, Valencia, USA) according to the manufacturer's 
protocol. The MetA enzymes and proteases were mixed at 
the monomer concentrations of 200 pM each in a total of 
200 ul of minimal activity buffer (50 mM Tris-HCl, 
pH 8.0, 10 mM MgCl 2 and 1 mM DTT) supplemented 
with an ATP regeneration system (50 mM creatine phos- 
phate and 80 ug/ml creatine kinase (Sigma, St. Louis, 
USA)) [35]. Degradation was initiated upon the addition 
of 4 mM ATP at 37°C [35]. The samples were obtained 
before and after the addition of ATP every hour and ana- 
lyzed using SDS-PAGE. The band intensities were quanti- 
fied using WCIF Image J software. The densitometry 
results were normalized after setting the MetA amount 
before the ATP addition equal to 100%. 
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